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Integrated time-frequency wavelet analysis and impulse response
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a b s t r a c t

This paper employs an improved continuous wavelet transform (CWT) technique of Gaussian derivative
function and impulse response filtering (IRF) in seismic surface wave analysis to improve data analysis in
the Spectral Analysis of Surface Wave (SASW) method. Two procedures were used: first, the response
spectrum of interest was chosen using a time–frequency wavelet spectrogram. Then, noisy distortions
were eliminated by utilizing a time–frequency wavelet and impulse response filtering. The outcomes
show that the SASW method is able to identify the surface wave velocity which coincides with the
dynamic stiffness parameters of Portland Cement Concrete (PCC) slabs. The values of surface wave veloc-
ity increased during the curing stage, and in situ measurement of wave velocity could be helpful in deter-
mining the degree of curing. A good congruence has been demonstrated between the stiffness of PCC
obtained from SASW measurements vis a vis that obtained using the American Concrete Institute (ACI)
formulation.

� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams Uni-
versity. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).

1. Introduction

The stiffness and thickness of Portland cement concrete (PCC)
slabs of rigid pavement structures are two important parameters
in construction. In most cases, pavement stiffness must be estab-
lished prior to designing, monitoring, and evaluating highway
pavements. Conventional tests, such as field coring and laboratory
compressive strength, are usually carried out to determine these
parameters. Coring tests are time consuming and are only carried
out occasionally. For this reason, the most critical segments of
pavement structure in terms of stiffness (strength) and thickness
are sometimes ignored and not tested. To deal with this problem,

it is crucial to find a quick and efficient method for determining
the stiffness and thickness of PCC slabs.

A non-destructive (NDT) method known as Spectral Analysis of
Surface Wave (SASW) has been established on the Rayleigh (R)
wave propagation; it was designed to establish shear wave velocity
in relation to material stiffness and the depth of individual layer of
pavement profile. Contrary to the Impact Echo and Ultrasonic Pulse
Velocity methods which are dependent one the measured wave
velocities and are employed to evaluate thickness and identify
flaw, the SASW method provides the details on the variation of
material properties with depth by using wave dispersion [1]. SASW
operates entirely on the surface of rigid pavement profiles without
physically intruding into the structures. This method is an
improvement made by Nazarian and Stokoe [2] on the frequently
employed steady-state technique developed by Jones [3]. Since
the last decade the SASW method has been used in different appli-
cations. These applications include characterization of founda-
tions; determination of soil profile; concrete structure
assessment; identification of ground anomalies, such as soil lenses
and dipping layers; identification of the structural layer of cement
mortar; assessment of compaction on fill structure; and assess-
ment of railway ballast. The SASW method was first used on con-
crete by Nazarian and Stokoe [4] and the results of their study

https://doi.org/10.1016/j.asej.2020.05.006
2090-4479/� 2020 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Ain Shams University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

⇑ Corresponding author.
E-mail addresses: atmaja_sri@umy.ac.id (S.A.P. Rosyidi), izzi@ukm.edu.my (Nur

Izzi Md. Yusoff), norfarahnadia@iium.edu.my (N.N. Ismail), razuhanafi@ukm.edu.
my (M.R.M. Yazid).

Peer review under responsibility of Ain Shams University.

Production and hosting by Elsevier

Ain Shams Engineering Journal xxx (xxxx) xxx

Contents lists available at ScienceDirect

Ain Shams Engineering Journal

journal homepage: www.sciencedirect .com

Please cite this article as: S. A. P. Rosyidi, N. I. M. Yusoff, N. N. Ismail et al., Integrated time-frequency wavelet analysis and impulse response filtering on
SASW test for rigid pavement stiffness prediction, Ain Shams Engineering Journal, https://doi.org/10.1016/j.asej.2020.05.006

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.asej.2020.05.006
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:atmaja_sri@umy.ac.id
mailto:izzi@ukm.edu.my
mailto:norfarahnadia@iium.edu.my
mailto:razuhanafi@ukm.edu.my
mailto:razuhanafi@ukm.edu.my
https://doi.org/10.1016/j.asej.2020.05.006
http://www.sciencedirect.com/science/journal/20904479
http://www.sciencedirect.com
https://doi.org/10.1016/j.asej.2020.05.006


showed the promising potential of this technique in detecting rigid
pavement profiles. Cho and Lin [5] employed the SASW method to
conduct advanced study on multi-layered thin cement mortar
slabs having a finite thickness. They found that the surface wave
velocities of the experimental dispersion curves gradually increase
with increasing age of the mortars. However, the values of surface
wave velocity determined using the experimental compact disper-
sion curve are greater than those obtained based on the theoretical
dispersion curve; this can be ascribed to the distinct boundary con-
ditions and reflection at the boundaries. Kim et al. [6] combined
two non-destructive testing, i.e. the Impact Echo (IE)–SASW
method, to investigate concrete structures. The IE method was uti-
lised for a detailed nondestructive evaluation of concrete while the
SASW method was employed to establish the average P-wave
velocity and for evaluating the status of concrete. Their studies
were conducted on slab type concrete model specimens where dif-
ferent types of defects or boundaries were assigned at known
locations.

This paper aims to highlight the research conducted to deter-
mine the stiffness of Portland cement concrete (PCC) slabs for each
layer of rigid pavement structures by using the SASW method and
to compare the equivalent moduli computed using the cylinder
compression data obtained through the American Concrete Insti-
tute (ACI) formulation [7]. Advanced signal processing was also
conducted in this study to examine the influence of boundary con-
ditions and reflection in seismic measurement. This study also
shows the potential of using the SASW method to non-
destructively evaluate concrete structures, where masking proce-
dure can be employed to deal with the influence of phase discon-
tinuity in dispersion curve.

2. Description of methodologies

2.1. PCC slab properties

The tests for rigid pavements on PCC slabs were conducted on
several slab prototypes (Fig. 1). Concrete class Type I cement with

maximum aggregates of 0.019 m were employed to fabricate the
slabs. The concrete mixes for the PCC slab casts were specified
for a 28-day compressive strength of 175 kg/cm2 (17.14 MPa or
2,488.5 psi) and 225 kg/cm2 (22.04 MPa or 3,200 psi). The
cement–water ratio of the concrete 0.49 and the slump of the con-
crete is 0.035 m. The PCC slabs were placed over a compacted soil
subgrade and have thickness of 200, 300, 400 and 450 mm.

2.2. Spectral analysis of surface wave method

2.2.1. Field measurement
In reality, the majority of surface wave methods consist of three

major steps: data acquisition, processing to extract the dispersion
curve, and inversion [8–11]. Several researchers have studied the
use of spherical mass or ball bearings to evaluate pavements by
employing the SASW method [12–14]. Ball bearings (Fig. 2a) are
dropped on pavement surface to produce a high frequency which
is then used to generate R waves. Two receiving accelerometers
were utilised to detect the waves at a 25 kHz sampling frequency
(Fig. 2b). A spectrum analyzer was used to digitally analyze the sig-
nals and the results were displayed in selected spectrum functions,
i.e. auto power spectrum and coherence function, to monitor the
quality of the recorded signals. A typical equipment configuration
is shown in Fig. 3. Various receiver configurations and source spac-
ings are needed to sample varying depths of a rigid pavement pro-
file. The measurement configuration for the SASW test in the
present study is the midpoint receiver spacing [15]. The sample
of the shallow layers of the profile were taken using small receiver
spacings with a high frequency source while samples of deeper lay-
ers were taken employing greater receiver spacings with a set of
smaller frequency sources. The space between the source and the
near receiver is equivalent to the distance between receivers. This
configuration is sufficient for minimizing near-field effect. The
receiver spacings for the pair accelerometer were fixed at 5, 10
and 20 cm. High frequency sources such as a small ball bearing
with a diameter of between 6.2 and 22 mm (Fig. 2a) were used
to sample the PCC slabs.

Fig. 1. Typical model of PCC slabs.
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2.2.2. Data analysis
Fig. 4 shows the general procedure used to analyze the data

from SASW measurements taken in this study. The data analysis
is divided into three steps up to the generation of the final profile
of the rigid pavement model. In step 1, all signals from the col-
lected data were converted into phase spectrum in the frequency
domain. Ganji et al. [16] reported two advantages of transforming
a wave field into a frequency domain, namely the wave propaga-
tion equation solution is readily available, and it is able to generate
more information on propagation path [17]. In addition, analysis in
the frequency domain is less ambiguous compared with that in the
time domain [18]. The phase or transfer function spectrum is very
crucial in identifying the relative phase shift between the two sig-
nals within the generated frequency range. Nevertheless, for an

intricate layered system with excessive difference in stiffness (i.e.
rigid pavement), more than one wave group is being propagated
as a result of wave refraction and reflection at the boundary of
pavement layers. Thus, the transfer function spectrum is more
complex and is influenced by the interface of varying wave groups.
As a consequence, in-depth analysis of the wave groups registered
during the propagation of waves on a complex layered system
(step 2) has to be carried out in an effort to construct a precise
phase dispersion curve of SASW measurement (Fig. 4).

Fig. 4 shows the two robust techniques, i.e. time–frequency
(TF) based on continuous wavelet transform (CWT) and impulse
response filtering (IRF), employed in this study. Wavelet analysis
was utilised as a tool for analysing limited variations of power
within a time series. Decomposition of a time series into time–

Fig. 2. High-frequency (a) sources and (b) sensor used in SASW measurement.

Fig. 3. Setup of SASW measurement.
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frequency wavelet (TFW) spectrum allows for the determination
of the dominant modes of variability and how these modes fluc-
tuate with time. Alternatively, the CWT technique can be
employed to localize the seismic frequency of interest in signal
processing; in particular the non-stationary signal measured
using the SASW method. The technique is even more important
in seismic testing since CWT provides a redundant and detailed
analysis of the signal description with respect to time and fre-

quency [19]. Many studies, such as those by Shokouhi and
Gucunski [20], Kim and Park [21,22], Gucunski and Shokouhi
[19], used wavelet transform to investigate the dispersion curve
in the SASW method.

A wavelet is a function of w(t) 2 L2(R) with zero mean and is
limited in both time and frequency. The dilation and translation
of the wavelet, w(t), makes it possible for it to be utilised for pro-
ducing a wavelet families as:

Fig. 4. Flow chart of the SASW Analysis used in this study.
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wa;b tð Þ ¼ 1ffiffiffiffiffiffi
aj jp w

t � b
a

� �
;where a > 0 ð1Þ

where a is a dilation parameter or scale and b is a translation
parameter. It can be seen that if a > 1, the wa,b (t) is a horizontally
stretched and vertically compressed version of w(t). The shape of
wavelet that is suitable for signal analysis is dependent on seismic
waveforms. However, there is no rule for determining the wavelet
shape that is suitable for the best application. Gucunski and Shok-
ouhi [19] pointed out that amongst all families of wavelet shapes,
the Gaussian wavelet has been proven to be the most suitable for
surface wave analysis.

CWT is the inner product of family wavelets, and a CWT of a
seismic signal, f(t), is a convolution between the signal and the
function of wavelets wa,b(t) which is shown as:

Wf a; bð Þ ¼ f tð Þ;wa;b tð Þ� � ¼
Z1

�1

f tð Þ 1ffiffiffiffiffiffi
aj jp w

� t � b
a

� �
dt ð2Þ

where w
�
is the complex conjugate of w, andWf(u,s) is the time-scale

map.
In this study, CWT was employed to convert the signals from

the time domain to the frequency domain which display the wave-
let spectrogram. Phase spectrum can then be generated from these
wavelet spectrograms. For a layered system with strong stiffness
contrast, a propagation of wave groups was detected. Hence, the
phase difference spectrum is complicated and may result in misin-
terpretation when determining the correct values of the phase
determined in the dispersion curve analysis. Impulse response
and its filtering are more suitable for investigating wave groups
in comparison to individual time signals since it focuses only on
the response of the materials between receivers and is able to dis-
regard the effect of source function in the time signals [23]. Fig. 5
presents the flow chart for the implementation of the CWT tech-
nique and the IRF of SASWmethod. The implementation procedure
is as follows:

1. Choose the wavelet function and the set of scale, a = s (Eq. (1)),
that will be employed in the transformation of the wavelet.
Each wavelet function may affect time and frequency resolu-
tions. The present study has chosen a Gaussian Derivative
(GoD) wavelet function as the mother wavelet in CWT filtering.
The filter design was used to extract the environmental noises
and inappropriate wave groups influencing the wave signals.

2. Create a wavelet scalogram by executing the wavelet transform
(Eq. (2)) utilizing the computed convolution of the seismic trace
with a scaled wavelet dictionary. Calculation of wavelet scale
was carried out as a fractional power of 2 by employing the for-
mula proposed by Torrence and Compo [24]:

sj ¼ s02
jdj ; j ¼ 0;1; :::; J ð4Þ

J ¼ dj�1log2
Ndt
s0

� �
ð5Þ

where s0 is the smallest resolvable scale = 2dt, dt is time spacing, and
J is largest scale.

Transform the signal’s scale dependent wavelet energy spec-
trum (scalogram) into a frequency dependent wavelet energy spec-
trogram to make a direct comparison with the Fourier energy
spectrum.

3. Implement CWT filtration on the wavelet spectrogram by deter-
mining the time and frequency localization thresholds. In this
study the CWT filtration was constructed using a simple trunca-
tion filter concept which only takes into account the passband

and the stopband. Following this, the threshold values in the
time and frequency domains were designated as the filter val-
ues between the passband and the stopband. This permits a
straight filtering in all time, frequency, and spectral energy
dimensions. The spectrum energy is zeroed out to eliminate
the noisy or redundant signals; this completely removes the
signals when rebuilding the time domain signal. Therefore,
the relevant spectrum of signals will be passed when the spec-
trum energy is retained in the original value. Rosyidi and Taha
suggested writing the CWT filtration design as follows [25]:

f sð Þ ¼
0; 1 6 s 6 Fl

1; Fl 6 s 6 Fh

0; Fh 6 s 6 N

8><
>: ð6Þ

f uð Þ ¼
0; 1 6 u 6 Tl

1; Tl 6 u 6 Th

0; Th 6 u 6 N

8><
>: ð7Þ

A value of 1 indicates that the spectrum energy is passed while
a value of 0 is the filtration criteria when the spectrum energy is
set to 0.

Start

Select wavelet function and set up the scale, s

Compute wavelet transform and develop 
scalogram in the frequency (scale) and time 

domain. 

Set up filtering thresholds of continuous wavelet 
transfer filtration on the wavelet scalogram  

Reconstruct filtered signal, f(t), in time domain  

Generate phase spectrum from two filtered signals 
(SASW configuration)  

Original signal, f(t), in time domain from SASW 
test 

Implement Impulse Response (IR) Filtering  

Finish 

Generate Gabor Spectrum for analyzing wave 
groups and set up filtering thresholds in higher and 

lower modes

Fig. 5. Flow chart of CWT and IR filtering procedure.
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4. Calculate the phase difference using the reconstructed signals
at each frequency to construct the phase spectrum for the
experimental dispersion curve. The phase data is determined
from the wavelet cross spectrum.

un sð Þ ¼ arctan
J s�1WXY

n sð Þ
n o

R s�1WXY
n sð Þ

n o
0
@

1
A ð8Þ

where WXY
n sð Þ ¼ WX

n sð ÞWY�
n sð Þ= wavelet cross spectrum.

5. Perform impulse response filtering (IRF) from the phase spec-
trum. Joh [23] stated that impulse response can be obtained
either through deconvolution of the signal in the time domain
or through an inverse Fourier transform of the phase spectrum
or transfer function. In this study, the impulse response was cal-
culated using inverse Fourier transform since it is more practi-
cal and less time consuming.

6. Generate Gabor spectrogram for the impulse response.
7. Apply time window to the impulse response based on the Gabor

spectrogram information. Time window can be obtained using
two different approaches, i.e., the higher and the lower mode.
The filter design proposed by Joh and Stokoe [26] consists of
three bands: passband, transition band, and stopband (Fig. 6).
The schematic design can be written as [26]:

f nð Þ ¼

1; 1 6 n < Pl

1
2cos

n�Pl
Ll
pþ 1

� �
; Pl 6 n < Pl þ Ll

0; Pl þ Ll < n < Ph

1
2cos

PhþLh�n
Lh

pþ 1
� �

; Ph 6 n < Ph þ Lh

1 Ph þ Lh < n 6 N

8>>>>>>><
>>>>>>>:

; for highermode

ð9Þ

f nð Þ ¼

1; 1 6 n < Pl

1
2cos

PlþLl�n
Ll

pþ 1
� �

; Pl 6 n < Pl þ Ll

0; Pl þ Ll < n < Ph

1
2cos

n�Ph
Lh

pþ 1
� �

; Ph 6 n < Ph þ Lh

1 Ph þ Lh < n 6 N

8>>>>>>><
>>>>>>>:

; for lowermode

ð10Þ
where Pl and Ph are the initial points of the transition band; Ll and Lh
are the cosine-tapered window length, and N is the total number of
data point in the impulse response.

8. Calculate the modified phase spectrum of the filtered impulse
response.

9. Unwrap the phase spectrum to obtain phase velocity. The phase
(R) wave velocity coinciding to each wavelength is measured by
unwrapping the phase angle data from the enhanced transfer
function spectrum. The travel time between the receivers for
each frequency is determined using Equation (11):

t fð Þ ¼ u fð Þ=360f ð11Þ
where f is frequency, t fð Þ is travel time at a given frequency, and
u fð Þ is phase difference in degrees at a given frequency.

10. Since the distance between receivers (d) is a known param-
eter, the R of wave velocity, VR , or the phase velocity at a given fre-
quency can be determined as follows:

VR ¼ d=t fð Þ ð12Þ
and the coinciding wavelength for the R wave, LR, can be expressed
as:

LR fð Þ ¼ VR fð Þ=f ð13Þ
Fig. 4 shows the inversion process carried out in step 3 to estab-

lish the shear wave velocity profile by means of experimental dis-
persion data. During the inversion process, the profile of a set of a
homogeneous layer, such as rigid pavement surface, base, sub-base
and subgrade layers, are assumed to extend to infinity in the hor-
izontal direction. The last layer is typically assumed to be a homo-
geneous half-space. The present study employs an automated
forward modeling analysis of the three-dimensional (3-D) dynamic
stiffness matrix method [27] to obtain the best fitting between the
theoretical and experimental dispersion curves. The model allows
for the expansion of the displacement and stress (or traction) of
the waves propagating on a horizontal surface by means of Fourier
series in the circumferential direction as well as with respect to the
cylindrical function (Bessel, Neuman or Hankel functions) in the
radial direction. The axisymmetric loading requires only one Four-
ier series term (the 0 term), and the radial and vertical displace-
ments (U and W) are written as follows:

U rð Þ ¼ qR
Z1

k¼0

u
�
J1 kRð ÞJ1 krð Þdk ð14Þ

W zð Þ ¼ qR
Z1

k¼o

w
�
J1 kRoð ÞJ0 krð Þdk ð15Þ

where J0 and J1 are the zero and the first order Bessel function, k is
the wave number, r is radial distance from the source, R is the radius

of the disk, q is the magnitude of the uniformly distributed load; u
�

and w
�
are the functions of k for a harmonic load at the surface with

wavelength 2p=k. According to Kausel and Peek [28] the displace-

ments, u
�
and w

�
, in Eqs. (16) and (17), can be expressed as follows:Fig. 6. Filtering of the (a) lower and (b) higher frequency modes.
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u
� ¼

X2nþ2

i¼1

ui1wi1
k

ki k2 � k2i
� � ð16Þ

w
� ¼

X2nþ2

i¼1

w2
i1

k

ki k2 � k2i
� � ð17Þ

In an n-layer system over a half-space, ui1 and wi1 are the hori-
zontal and vertical displacements on the surface in the ith mode.
This solution is especially useful when manipulating many layers,
such as when a considerable variation of soil properties has to be
determined. The theoretical dispersion curve constructed utilising
the 3-D model is then coincided with the experimental dispersion
curve based on lowest root mean square (RMS) error by using an
optimization technique. The optimization technique used in this
study drew on the maximum likelihood method proposed by Joh
[23] and was carried out employing the WinSASW version 2.4
programme.

2.2.3. Calculation of concrete stiffness via shear wave velocity
The shear wave velocity parameter can be utilised to determine

the dynamic shear moduli of pavement materials.

E ¼ 2 c=gð ÞV2
S 1þ lð Þ ð18Þ

where E is dynamic elastic modulus, VS is shear wave velocity, g is
gravitational acceleration, c is total unit weight of the material, and
l is Poisson’s ratio.

Nazarian and Stokoe [4] pointed out that a material’s modulus
obtained through seismic testing is similar to the highest at a strain
of less than 0.001%. Within this range, a material’s modulus is
assumed to be constant.

2.3. Compressive strength testing in laboratory

A comparative test was carried out to evaluate concrete stiff-
ness using standard cylinder (on 6 by 12-inch cylinder sample)
compression tests (ASTM C 39) on the PCC slab samples. The com-
pression tests were carried out for 3, 7, 10, 14, 17, 21 and 28 days
after casting. The outcomes of the tests are shown in Table 1. The
procedure used to calculate concrete stiffness is as follows: (a) sev-
eral compression tests were conducted to establish the average
compressive strength of the cylinders, and (b) the concrete slabs’
dynamic stiffness obtained in these tests were then predicted using
the ACI Committee 318 formulation [7], which is given as:

Ec ¼ 33W1:5
c f 0:5c ð19Þ

Ed ¼ 0:83Ec ð20Þ
where Ec is static elastic modulus of the concrete (in psi), Ed is
dynamic elastic modulus of the concrete (in psi), Wc is unit weight
of concrete (in pcf), and fc is 28-day compressive strength (in psi).

3. Results and discussion

The tests conducted in the present study are particularly useful
for quality control of PCC slabs. The tests include SASW to establish
shear wave velocity and thickness; coring to determine pavement
thickness; and laboratory compressive strength test as an alterna-
tive method for establishing the static stiffness of cement concrete.
The values of phase and inverted shear wave velocities were used
to calculate Young’s or elastic modulus of PCC slabs on 3, 7, 10, 14,
17, 21 and 28 of curing days.

3.1. Experimental surface wave spectrum

An important step after the SASW data collection stage is the
generation of a correct experimental dispersion curve. Fig. 7 shows
an unfiltered experimental dispersion curve measured on a 40 cm-
thick PCC175 slab (i.e. PCC slab cast to have 175 kg/cm2 of compres-
sive strength) after a 17-day curing period. However, several wave
modes and fluctuations were observed in the curves which are due
to the reflection of shear, compression, and surface waves from the
lateral and vertical boundaries of the PCC slab casts. Fig. 8 shows
the time domain waveform of direct and reflected modes of the
signals recorded by two accelerometer transducers on the PCC175

slab surface after 17 days of curing. The direct surface waveform
was shown as the first peak of wave amplitude and the amplitude
subsequently decreased with time. The reflected waveform was
recognized from several peaks of the recorded signal following
the direct surface waveform. However, the wave groups of the
direct surface waves cannot be easily isolated and separated from
the direct body waves and their reflected waves in the time
domain of the recorded signal. However, it can be easily observed
in the Fourier spectrum of these direct and reflected waveforms by
using the frequency response peak. Fig. 9 shows that the result of
FFT analysis on the time domain of the recorded signals yields
the auto spectrum function for each receiver. The group of direct
and reflected waves produced varying frequency response peaks.
The primary wave groups were found within the high frequency
range of 9–15 kHz and 11–14 kHz for channels 1 and 2, respec-
tively. The interference of the different wave groups might gener-
ate an uneven or vague phase or transfer function spectrum
(Fig. 10). Thus, the wavelet analysis time–frequency (TF) and inter-
active signal processing of an impulse response filtering (IRF) rec-
ommended by Joh [23] were performed. This reduced the
fluctuation in the dispersion curve, as illustrated in Fig. 7.

The present study utilised the mother wavelet of the Gaussian
Derivative. The real component of the Gaussian Derivative wavelet
in the time and frequency domains is expressed as the following:

w0 tð Þ ¼ �1ð Þmþ1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C mþ 1=2ð Þð Þp dm

dgm
e�t2=2

� �
ð21Þ

ŵ0 sxð Þ ¼ � imffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C mþ 1=2ð Þð Þp sxð Þm e� sxð Þ2=2

� �
ð22Þ

where m is the wave number.
The generation of complex wavelet is done via the addition of a

Heaviside function to the frequency domain. This wavelet decays
with the square root of the gamma function. The derivative order
of the Gaussian Derivative can be changed to obtain the waveform
with the optimal resolution. The Gaussian’s second order exponen-
tial decay utilised in the time resolution plot produced an excep-
tional time localization.

This is followed by employing the time–frequency (TF) analysis
of CWT in order to overcome the difficulty of identifying the spec-
tral characteristics of non-stationary signals registered by the two
receivers. Fig. 11 shows the standard CWT spectrogram for the

Table 1
Average values of compressive strength of PCC175 and PCC225 after curing.

Elapsed time
(curing period)
in days

Number
of tests

Average
compressive
strength for PCC175

(psi)

Average
compressive
strength for PCC225

(psi)

3 3 1.28 2.07
7 3 2.30 3.19
10 3 2.32 3.56
14 3 2.39 3.64
17 3 2.44 3.76
21 3 2.50 3.90
28 3 2.63 4.11

S.A.P. Rosyidi et al. / Ain Shams Engineering Journal xxx (xxxx) xxx 7

Please cite this article as: S. A. P. Rosyidi, N. I. M. Yusoff, N. N. Ismail et al., Integrated time-frequency wavelet analysis and impulse response filtering on
SASW test for rigid pavement stiffness prediction, Ain Shams Engineering Journal, https://doi.org/10.1016/j.asej.2020.05.006

https://doi.org/10.1016/j.asej.2020.05.006


0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45

Wavelength, LR (m)

Ph
as

e 
ve

lo
ci

ty
, V

ph
 (m

/s)
Original Dispersion Curve

Fig. 7. Original experimental dispersion curve measured on a 40 cm PCC175 slab after 17 days of curing.

Fig. 8. Time signals of a 40 cm PCC175 slab at 20 cm receiver spacing after 17 days of curing.

Fig. 9. Auto power spectrum for receivers 1 and 2 from measurements on a 40 cm PCC175 slab at 20 cm receiver spacing after 17 days of curing.
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received signals with an enhanced time–frequency resolution. The
TF of Gaussian Derivative wavelet produced a good resolution at
high frequency and is useful for detecting the frequency bandwidth
of wave groups by utilizing different derivation orders of this
wavelet.

Fig. 11 shows that there are a number of energy events at vary-
ing frequency bands which could cause interference at low and
higher mode of seismic signals. These energy events of the wave
groups are within 0.019–0.022 s of arrival time (received by the
accelerometers). It can be seen that the dominant energy event
occurred between 9 and 20 kHz in both CWT spectrograms. Within
this range, two other peak events have been detected and they
have been identified as direct surface wave and interference of
reflected body waves. The first event occurred at high frequency
in the 9–13 kHz range (channel 1) and 10–13 kHz range (channel
2) and has been identified as the direct surface wave propagation.
The energy of the reflected body waves was first captured by the
receivers. It can be found in the higher frequency range (13–18
and 15–21 kHz in channels 1 and 2, respectively). The other wave
group was an earlier arrival which appeared in the lower frequency
range below approximately 7 kHz. This group can be classified as
the direct primary and secondary body wave which arrived in
the earlier period of signal recording, which is also known as the
near-field effect.

The apparent spectrum of TF plot based on the integrated-
power of wave magnitude is shown in Fig. 12. The highest peak
curve on the integrated-power amplitude versus frequency plot
shows the dominant energy recorded from the measurement and

it represents the energy from the surface wave and the interference
of body wave. Therefore, the continuous Gaussian Derivative
wavelet transform is able to clearly show that the superposition
of energy from several wave groups occurred in the time–fre-
quency spectrum of the seismic signal recorded from SASW mea-
surement. It was also observed that, in pavement models with
strong stiffness contrast, the interference of body waves is still
included in the dynamic response on material. It is important to
maintain the interference of body wave in the phase spectrum
since valuable information on subsurface stratification and stiff-
ness is contained in the phase spectrum. In addition, the stiffness
matrix method [27,28], which was used in the inversion analysis
of this study, utilised the body-wave interference.

In order to extract only the relevant portion of time signals
which correspond to a specific group, the Wavelet-IRF technique
was then used. Impulse response is capable of showing the
response of materials between the two receivers used in the SASW
measurement. Fig. 13 shows the impulse response obtained from
the first integration of the phase spectrum. The Wavelet-IRF filters
used to enhance a noisy phase spectrum should be designed to
include as much time signal as possible and should be able to min-
imize the phase shift caused by filtering. In order to show the infor-
mation of Wavelet-IRF parameter which separate the lower and
higher modes, the Gabor spectrogram was generated, as shown
in Fig. 14. The Gabor spectrum represents time signal as a linear
combination of time–frequency-shifted Gaussian function, which
is a good tool for wave groups investigation in impulse response.
The time–frequency plot concept of Gabor spectrum is similar with
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Fig. 10. Original phase spectrum of a 40 cm PCC175 slab at 20 cm receiver spacing after 17 days of curing.

Fig. 11. TF spectrum for recorded signals at receivers 1 and 2 from measurement on a 40 cm-thick PCC175 slab at 20 cm receiver spacing after 17 days of curing.
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TF-CWT, as mentioned earlier. Fig. 14 shows several distinct wave
groups. One is an earlier arriving group mode in the 17 to 20 kHz
frequency range which was designated as the interference of body

wave. It appeared at arrival time less than 1.6 ms. The other wave
group appeared in the 10–13 kHz frequency range, which are the
direct surface waves since they were the next wave to be detected
after the reflected body waves. A later arrival of wave groups was
in the lower frequency range (below 2.3 kHz) and for a duration of
up to 0.4 ms. The lower frequency group yields lower velocity
waves compared to the waves at higher frequency. In this study,
the later arrival of wave groups and lower frequency is called a
lower mode and the earlier arrival is called the high mode. The fil-
tering criteria was implemented for the earlier part of the impulse
response (high frequency mode in the slab). This was identified in
the 0–2.88 ls range (Fig. 13) and the signals outside of this range
were filtered out. The enhanced phase spectrum function was then
regenerated (Fig. 15). After unwrapping the enhanced phase spec-
trum, an enhanced experimental dispersion curve was plotted.

Fig. 16 shows the experimental dispersion curve measured after
a 17-day curing of PCC slabs. An important aspect of Fig. 15 is that
the enhanced experimental dispersion curves with wavelength less
than slab thickness of 0.2–0.4 m are almost constant, which indi-
cate that only cured concrete was sampled. Fig. 16 shows the corre-
sponding shear wave velocity profile obtained by inverting the
experimental dispersion curve. The inversion analysis was carried
out using the 3-D stiffness matrix method with the maximum like-
lihood optimization technique. The uncertainty factor of phase
velocity data from experimental dispersion curve was assumed to
be 0.05 while for model parameters of shear wave velocity and
thickness they were assumed to be 0.05 and 0.15, respectively.
These factors represent the standard deviation (SD) implemented
in the analysis. Fig. 17 presents the shear wave velocity profile with
the lower and upper velocity boundary calculated from the SD.
Three layers of observed PCC slabs were detected in the profiles.
The velocity differences in these layers were caused by different
layering during model (physical) construction. The average value
of the shear wave velocity obtained via SASW inversion of PCC175

after 17 days of curing is 2061.71 m/s. By using this value, the
Young’s modulus of PCC slab can be easily obtained using Eq. (7).

3.2. Variation of surface wave velocity and dynamic stiffness with time

A fundamental assumption in the utilisation of in situ surface
wave technique to determine the engineering characteristics of

Fig. 12. TF spectrum and integrated-power versus frequency plot of recorded
signals at receivers (a) 1, and (b) 2 from time signals (Fig. 7) for detecting the wave
groups recorded in each receiver.
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Fig. 13. Impulse response filtering of phase spectrum function obtained from Fig. 9.
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cured PCC slabs is that the changes observed in the Rwave velocity
and shear wave velocity coinciding with the dynamic stiffness of
material during curing are direct indicators of the curing process.
In order to acquire the data for proving the above hypothesis, sev-

eral SASW tests were conducted on the PCC slabs at each compres-
sive strength (PCC175 and PCC225) after the slabs were poured and
finished, and the tests were continued throughout the curing time
of 3, 7, 10, 14, 21 and 28 days.

Fig. 14. Gabor spectrum of a 40 cm PCC175 slab at 20 cm receiver spacing after 17 days of curing.
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Fig. 15. Original and enhanced phase spectrum of a 40 cm PCC175 slab at 20 cm receiver spacing after 17 days of curing.
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Fig. 16. Original and enhanced experimental dispersion curve measured on a 40 cm PCC175 slab after 17 days of curing.
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The increase in Rwave velocity with time for each observed PCC
slabs is shown in Fig. 18. The wave velocity increased rapidly ini-
tially and then began to level off after about 28 days. Intuitively,
this behavior imitates the expected curing process. This result
shows that surface wave velocity is a promising parameter for stiff-
ness control in the curing process of the concrete slabs. Table 2 pre-

sents the outcomes of the student-t statistics test which was
performed on the R wave data to verify the congruity of the results
in testing repetitions. The calculated t values do not exceed the
tabulated values with a level of significance of a = 0.05. This means
that the measured R wave data for both PCC slabs are consistent
and significantly homogenous in each elapsed time observation.

The value of Young’s moduli was calculated based on inverted-
shear wave velocity as explained earlier. The unit weight values of
concrete in each PCC slabs were measured at each elapsed time of
the curing process. Assumption of the different values of Poisson’s
ratio of the concrete during the curing process was based on the
values obtained by Rix et al. [29]. Fig. 19 presents the measured
values of the Young’s modulus for concrete PCC slabs at various
elapsed time of the curing process.

3.3. Comparison of seismic stiffness with concrete stiffness from the
ACI formulation

The stiffness dynamic concrete in the cylinder compression test
were calculated using the ACI formulation. Fig. 20 shows that there
is a good agreement between the concrete moduli values obtained
through the SASW test and the values predicted from the results of
the cylinder compression test by using the ACI formulation which
give a coefficient of determination (R2) of 0.91. In general, the value
of concrete moduli measured via the SASW test is slightly higher
than the value obtained from the cylinder compression test. One
possible reason for this is that seismic measurements determine
Young’s modulus at a very small strain, i.e. at approximately less
than 0.001%, whereas the ACI formulation predicted the values of
Young’s elastic modulus at higher strain levels. Another possible
reason for the difference between the twomeasurements is the dif-
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Fig. 17. Shear wave velocity profile of PCC175 after 17 days of curing.

Fig. 18. Change in phase velocity with time for both PCC slabs.

Table 2
Average values of phase wave velocity of PCC175 and PCC225 at curing time.

Elapsed time (day) N PCC175 PCC225

Mean (m/s) Std. Deviation (m/s) Std. Error (m/s) tvalue Mean (m/s) Std. Deviation (m/s) Std. Error (m/s) tvalue

3 16 1624.40 22.88 11,44 1.206 1843.12 21.22 10.61 1.503
7 16 1768.03 86.23 43.11 �2.223 1958.38 20.56 10.28 �1.096
10 16 1828.51 62.28 31.14 �1.268 1987.52 87.07 43.53 �2.290
14 16 1880.90 72.66 36.33 �0.340 2029.35 82.26 41.13 �1.702
21 16 1917.58 32.53 16.26 1.902 2043.58 77.10 38.55 �1.733
28 16 1927.00 62.65 31.82 0.728 2076.77 47.14 23.57 �2.520
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ferent curing rate of the concrete in the slabs and the concrete in
the cylinder samples.

Thus, the usefulness of SASW for predicting elastic modulus has
been established. SASW could also be used to detect weak spots in
a pavement profile (both longitudinal and vertical). This procedure
could provide a quick and efficient analysis of concrete slabs due to
its efficiency in addition to the benefit of not requiring the conven-
tional destructive sampling. This highlights the advantage of using
in situ seismic measurement to evaluate the properties of concrete
in real condition.

4. Conclusion

The present study predicts the concrete stiffness of two PCC
slabs by performing SASW test. An improved spectrum analysis
in the SASW method which employs continuous wavelet spectro-
gram analysis was also proposed. The denoising and reconstruction
technique for the response spectrum from surface wave propaga-
tion by utilizing time–frequency spectrogram analysis of continu-
ous wavelet transforms and impulse response filtering (IRF)
technique was also presented. The 2-D wavelet spectrogram is able
to precisely establish the relevant different events in the seismic

surface waves and noisy signals. The threshold for CWT and
Impulse Response (IR) filtration was derived from the generated
spectrogram. In consequence, the reconstruction of the denoised
signals of the seismic surface waves can be carried out utilizing
inverse wavelet transform which takes into account the thresholds
of the relevant spectrum. Results showed that SASW is very sensi-
tive and can be successfully used to determine the R velocity
parameter of slabs. By obtaining the inverse of R wave velocity
using the dynamic stiffness matrix method, the shear wave veloc-
ity corresponding to the Young’s modulus of PCC slabs is obtained.
The R velocity parameter is also useful for detecting the degree of
stiffness change in the observed PCC slabs during the curing pro-
cess. The in situ measurement using the SASW method offer a
potentially useful alternative to conventional cylinder compression
test for determining the dynamic stiffness characteristics of PCC
slabs. There is a good congruence between the Young’s modulus
determined using the SASW and ACI methods. Thus, SASW is very
suitable for carrying out in situ measurement of the Young’s mod-
ulus profile of the entire rigid pavement system.
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